The iron hydroxyl phosphate Fe 3.6 Fe 1.02 (OH) 2.17 (PO 4 ) 3 O 0.84 (FePOH) nanoparticles were synthesized by hydrothermal method at a relative low temperature. The iron hydroxyl phosphate nanoparticles were then incorporated into poly (methyl methacrylate) (PMMA) by in situ radical polymerization.
conditions required addition of FeCl 3 (3.32 mmol) to the 50ml PTFE-lined acid digestion bomb followed by H 2 O (16 ml). Then ammonia (0.56 ml) and H 3 PO 4 (0.42 ml) were added with stirring. Upon completion of the reaction and cooling to room temperature, kelly nanoparticles of FePOH were collected, washed with water, and dried in the air.
Preparation of PMMA/FePOH composites
PMMA/FePOH composites with different concentrations of FePOH were prepared by in situ radical polymerization. The appropriate amounts of freshly prepared FePOH dispersed in a certain amount of ethanol by ultrasonic were mixed with 15 g MMA monomer under stirring. When the additives were completely dispersed, 0.1 wt% of benzoyl peroxide (BPO) was added. After that, the suspension was stirred using a magnetic stirrer at 60 ˚C for 30 minutes. Then the mixture was heated and stirred at 80 °C until it formed a viscous paste (about 2 hour). Finally, the viscous paste was transferred into a mold to complete the polymerization and remove the residual solvent and unconverted MMA monomer at 80 °C for 48 hours.
The corresponding PMMA/FePOH composite samples with different concentrations of FePOH were listed in Table. 1.
Characterization

X-ray Diffraction (XRD) Analysis
X-ray diffraction (XRD) patterns were performed on the 1mm thick films with a Japan Rigaku D/Max-Ra rotating anode X-ray diffractometer equipped with a Cu-Ka tube and Ni filter (l¼0.1542 nm).
Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) images were obtained on a Jeol JEM-100SX transmission electron microscope with an acceleration voltage of 100 kV. Specimens for the TEM measurements were obtained by placing a drop of sample suspension prepared by ultrasonic dispersion on a carbon-coated copper grid, and dried at room temperature.
Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FT-IR spectrophotometer, Thermo Fisher Scientific, USA) was employed to characterize the DPHA using thin KBr disc. The transmission mode was used and the wavenumber range was set from 4000 to 500 cm -1 .
Scanning Electron Microscopy (SEM)
The morphologic structures were observed by scanning electron microscopy (SEM) Hitachi X650.
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was carried out using a TGA Q500 thermo-analyzer instrument (TA CO., USA) from 30 to 500 ˚C at a linear heating rate of 20 ˚C/min under an air/nitrogen flow of 60 ml/min.
Samples were measured in an alumina crucible with a mass of about 10 mg. The temperature reproducibility of the instrument is ±1 o C, while the mass reproducibility is ±0.2 %.
Thermogravimetric Analysis-Fourier Transforms Infrared Spectrometry (TGA-FTIR)
TGA-FTIR of the samples was performed using the TGA Q5000 IR thermo-gravimetric analyzer that was interfaced to the Nicolet 6700 FT-IR spectrophotometer. About 5.0 mg of the samples were put in an alumina crucible and heated from 30 to 500 ˚C. The heating rate was 20 ˚C/min (nitrogen atmosphere, flow rate of 45 ml/min).
Laser Raman Spectrometry (LRS)
Laser raman spectroscopy (LRS) measurements were carried out at room temperature with a SPEX-1403 laser raman spectrometer (SPEX Co., USA) with excitation provided in back-scattering geometry by a 514.5 nm argon laser line.
Microscale Combustion Calorimeter (MCC)
A GOVMARK MCC-2 Microscale combustion calorimeter (MCC) was used to record the heat release rate (HRR). In this system, about 5 mg samples were heated to 700 ˚C at a heating rate of 1 ˚C /s in a stream of nitrogen flowing at 80 cm 3 /min. The volatile, anaerobic thermal degradation products in the nitrogen gas stream were mixed with a 20 cm 3 /min stream of pure oxygen prior to entering a 900 ˚C combustion furnace. 
RESULTS AND DISCUSSION
Characterization of FePOH
The structure of FePOH was characterized by TEM and XRD. The TEM image is shown in Fig. 1 [17] . Figure 3 shows the TGA curve of FePOH. It can be seen that the weight loss is attributed to water departures, corresponding to 1.15 mol water per mol solid. This value is close to the theoretical value(1.09 mol water per mol solid), which is calculated through the dehydroxylation of per mol hydroxyl iron phosphate particles. Excess water, which got under the lower temperatures, may be attributed to the emission of H 2 O from the surface of hydroxyl iron phosphate particles. 
Fourier Transform Infrared Spectroscopy (FTIR) and Dispersion of PMMA/FePOH Composite
The FTIR spectrum of the composite is shown in Fig. 4 . In the spectrum, a broad band in the region at about 3440 cm −1 may be due to the presence of external water molecules. The peaks at 569, 603, 1080 and 1033 cm −1 are assigned to P-O bond which shows the existence of PO 4 3-group. In the PMMA/FePOH composite, the characteristic peak of PO 4 3-group at 1070 cm -1 in FePOH has red shifted to 1080 cm -1 , which suggests the possible linkage between FePOH and the PMMA matrix. The characteristic stretching vibration peak of carbonyl bond of PMMA at 1660 cm -1 also can be observed clearly in PMMA/FePOH composite. Two stretching vibration peaks appear at 2997 and 2950 cm −1 corresponding to CH 2 and CH 3 .
The peak at 1450 cm -1 is attributed to the vibration mode of alkane in PMMA, and peaks at 1242 and 1148 cm -1 are the stretching vibration of C-O bond. From the analysis of FTIR spectra, the characteristic peaks of both the FePOH and PMMA matrix are identified in the spectra of the composite. The peak at 461, 770 cm -1 are due to the presence of metal-oxygen stretching vibrations [18, 19] . These characteristic stretching Table 1 . Figure 6 (a) shows that FePOH pushes the TGA curves of the composites towards the corresponding pristine PMMA in air atmosphere. From Table 1 , it is summarized that the T -0.1 of almost all the composites are higher than pure PMMA, except for PMMA/0.6 %FePOH sample, which may be When the adding amounts of FePOH are 2 and 6 wt%, T -0.5 of the samples are increased to 323 and 342 °C, which are 15 and 34 °C higher than pure PMMA. T -0.5 of these two samples shows significant enhancement by comparing with pure PMMA. The changing tendency of T -0.5 is similar with T -0.1 . Meanwhile, the more amount of FePOH added, the more amount of the residue quantity remained. These results suggest that incorporating FePOH into PMMA will retard the thermal degradation of PMMA and remarkably encourage the formation of char residues of PMMA matrix. This mass loss (about 3~6 %) should be also attributed to the removal of volatile low molar mass components. The other two peaks almost shift to the higher temperature region than that of pure PMMA, implying the improvement of thermal stability. TGA and DTG curves of the PMMA/FePOH composite under nitrogen atmosphere are shown in Fig. 7 .
The thermal degradation under nitrogen of the free radically prepared PMMA proceeds in three steps corresponding to the head-to-head linkage (ca. 165 °C), the chain-end initiation from the vinylidene ends (ca. 270 °C), and the third step, referred to as random scission within the polymer chain (ca. 360 °C) [21] .
From the Fig. 7 , the accession to FePOH does not obviously improve the thermal stability of PMMA matrix under nitrogen atmosphere. But the amount of the residue quantity is greatly enhanced, when FePOH added.
And the trend is similar with that under air condition. These results demonstrate that the presence of FePOH can reduce the decomposition of PMMA and inhibit the release of volatiles. 
The Thermal Combustion Properties about PMMA/FePOH Composite
The thermal combustion properties of pure PMMA and PMMA/FePOH composites were studied by means of microscale combustion calorimeter (MCC), which can provide various combustion data, including heat release rate (HRR), heat release capacity (HRC), total heat release (THR) and temperature at peak heat release rate (T PHRR ). A reduction of PHRR for PMMA/FePOH is observed in the heat release rate curve (Fig. 8) . When FePOH is added to PMMA, PHRR value decreases from 232 W/g for PMMA to 167 W/g for PMMA/2 %FePOH with a reduction of 28 %, and to 122 W/g for PMMA/6 %FePOH with a reduction of 47 %, respectively. The data show that the PHRR decreases evidently. The reason is probably attributed to the presence of FePOH can promote the formation of a protective char and the char layers can protect the underlying materials from further burning. The heat release capacity (HRC) and total heat release (THR) are also important measures of the fire hazard of a material. From HRC and THR values for all composites (Table 2) , it is clearly seen that the largest reduction is still attributed to the composites in combination with FePOH. Compared with PMMA, the HRC and THR value of PMMA/2 %FePOH are reduced by 29 % and 25 %, and those values for PMMA/6 %FePOH decrease by 48 % and 47 % respectively. At the same time, the T PHRR value also increases slightly. Based on the thermogravimetric analysis, it has been known that FePOH could enhance the carbonization of PMMA in the thermal decomposition process. The condensed-phase products resulting from the carbonization reaction may cover the residues to obstruct or cut off the mass transfer path to reduce the concentration of combustible gases. Thus, the THR values detected are low. Therefore, the fire hazards of the materials are reduced by the introduction of FePOH. Table. 2. MCC data of PMMA/FePOH composites with various concentrations of FePOH.
Structure Analysis of the Purified Char Residue
In order to further understand the improved flame retardancy, the chars of the sample calcined at 600 °C for 10 min in muffle furnace were investigated by Laser raman spectroscopy (LRS). The graphitized char formatted during thermal degradation or combustion is very important in the inhibition of heat transfer because they are very stable at high temperature. The results of LRS confirm the graphitization of the residual char resulting in the improvement of the combustion properties of the composite.
The Pyrolysis Products about PMMA/FePOH Composite
The thermogravimetric analysis-Fourier transform infrared spectroscopy (TGA-FTIR) was used to analyze the thermal decomposition process. Figure 10 and Fig. 11 respectively show the intensity of the total released gas and the alkane, carbonyl groups during thermal degradation of PMMA and its composite. It is found that the evolved products are reduced when adding 2 wt% FePOH to PMMA, indicating the retardation of the thermal decomposition of the composite. It may also be attributed to the carbonization effect of FePOH during the decomposition of PMMA/FePOH composite. What is more, from Fig. 12 , the groups at 2013 cm -1 during thermal degradation of pure PMMA and PMMA/2 %FePOH composite appear, and the amount of the groups at 2013 cm -1 from PMMA/2 %FePOH composite is more than that from EVA.
2013 cm -1 from pure PMMA attributed to C≡C, -C=C=O and so on. But apart from these groups, 2013 cm -1
from PMMA/2 %FePOH may also refers to Fe(CO) 5 , which means that there probably exists vapor retardant mechanism [25] . And the time of the decomposition is advanced slightly, which may caused by the more removal of volatile low molar mass components at lower temperatures, consistent with TGA data under nitrogen atmosphere. PMMA/2 %FePOH composite under nitrogen atmosphere at heating rate of 10 ˚C/min.
In combination with the results of LRS, it is indicated that the addition of FePOH slows down the decomposition of PMMA and inhibits the release of flammable gases due to the formation of graphitized char during thermal degradation or combustion of PMMA/FePOH composites. The formation of graphitized char demonstrates the termination of chain degradation. On one hand, the decomposition is restrained by the termination leading to the reduction of combustible gases. On the other hand, the graphitized char has a effective protection preventing the thermal feedback from a fire to the substrate.
Furthermore, Fe(CO) 5 may appears during the thermal decomposition of PMMA/2 %FePOH composite, which suggests that there may also exists gas system retardant mechanism [25] .
CONCLUSION
In this study, the FePOH nanoparticles were synthesized by hydrothermal method at a relative mild condition. FePOH was then incorporated into poly(methyl methacrylate) (PMMA) by in situ radical polymerization. The TGA results showed that the thermal stability and char yields of the composites were significantly enhanced in comparison with pure PMMA. In the MCC testing, the PHRR value decreases from 232 W/g for PMMA to 167 W/g for PMMA/2 %FePOH with a reduction of 28 %, and to 122 W/g for PMMA/6 %FePOH with a reduction of 47 %. The HRC and THR value of PMMA/2 %FePOH are reduced 
